Two cDNAs encoding proteins, PpPLC1 and PpPLC2, with catalytic and C2 domains conserved in plant phosphoinositide-speci®c phospholipase C (PI-PLC) were isolated from Physcomitrella patens. The N domain, which has been identi®ed in Arabidopsis PI-PLCs as an EF hand-like domain, was found in both isoforms, although that in PpPLC2 was a split type. At micromolar Ca 2+ concentrations, PpPLC1 preferentially hydrolysed phosphatidylinositol-4,5-bisphosphate, while PpPLC2 showed no speci®city. Furthermore, at millimolar Ca 2+ , phosphatidylinositol was hydrolysed by PpPLC2, but not by PpPLC1. Thus, PpPLC1 and PpPLC2 are typical and novel types of plant PI-PLC, respectively.
Phosphoinositide-speci®c phospholipase C (PI-PLC) hydrolyses phosphatidylinositol-4,5-bisphosphate (PIP 2 ), which results in the generation of inositol-1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DG), and both act as second messengers in mammals (Rhee, 2001) . Genes encoding plant PI-PLCs, which were proposed to be involved in the responses to light, osmotic stress, gravity, pathogen attack, abscisic acid (ABA), and auxin (Meijer and Munnik, 2003) , have already been isolated from various species to date (Hirayama et al., 1995; Shi et al., 1995; Kopka et al., 1998; Otterhag et al., 2001; Coursol et al., 2002; Hunt et al., 2003) . PI-PLC isoforms in mammals have been divided into four classes, b-, g-, d-, and e-types, all of which contain the catalytic domain that consists of X and Y regions and regulatory domains such as pleckstrin homology (PH), EF-hand and C2 domains (Rhee, 2001) . By contrast, plant PI-PLCs analysed so far all show d-type organization but lacking the PH and typical EF-hand domains (Meijer and Munnik, 2003) . Since the PH and EF-hand domains are responsible for membrane-localization and Ca 2+ -binding in mammals (Rhee, 2001) , the mode of activation of plant PI-PLCs is probably different from those in mammals. However, little is known about the molecular mechanisms of the activation of plant PI-PLCs.
The moss Physcomitrella patens is now recognized as a model system for plants with the easy application of molecular genetic approaches such as gene-targeted mutagenesis via the homologous recombination (Schaefer, 2002) . Searching of the plant EST databases with BLAST algorithm against AtPLC1S from Arabidiopsis thaliana revealed four Physcomitrella cDNA clones, PPU141114, PPU140521, PPU070504, and PPU161218 (GenBank accession numbers are AW561394, AW561280, AW496918, and AW599541, respectively), all of which were obtained from`The Physcomitrella EST Programme' (University of Leeds, UK, and Washington University, St Louis, USA). Sequencing analysis indicated that PPU141114 contained the long insert of 1384 bp that comprised two partial cDNAs for PI-PLC (908 bp) and atubulin (468 bp) with poly(A) tails, both of which were connected by the SacI-linker of 8 bp in head-to-head orientation, while PPU070504 contained a short cDNA fragment of 653 bp with a poly(A) tail that was overlapped to PPU141114 without any base changes. The 5¢-RACE and the subsequent 3¢-RACE reactions resulted in the isolation of a corresponding full-length cDNA of 2424 bp containing an ORF for a PI-PLC homologue of 633 amino acids and calculated molecular mass of 70.8 kDa, which was designated PpPLC1 (accession number AB114834). The full-length cDNA did not contain any part of the ORF for a-tubulin, thus PPU141114 arrows as an artefact during preparation of the EST library. Although PPU140521 was not analysed because of the severe contamination with other ESTs in the clone obtained, the nucleotide sequence of the EST deposited in the databases was identical to that of a corresponding region of the PpPLC1 cDNA. In addition, using the sequence of PPU161218, a corresponding 2423 bp full-length cDNA, which contains an ORF for a PI-PLC homologue of 639 amino acid and has a calculated molecular mass of 71.8 kDa and is designated PpPLC2 (accession number AB117760) was isolated by the 5¢-RACE reaction.
As shown in Fig. 1 , the overall structure of PpPLC1 and PpPLC2 was similar to those of known plant PI-PLCs comprising the catalytic domain and the C2 domain (Meijer and Munnik, 2003) . In addition, the N domain (Otterhag et al., 2001) , a regulatory domain with structural similarity to the second loop of the EF-hand domain of rat PLCd1, was found in the N-terminal extensions in PpPLC1 and PpPLC2, although there was an insertion in the N domain of PpPLC2 (Fig. 1) . Since the split N domain is encoded by a single exon in the PpPLC2 gene (data not shown), the alternative splicing is not responsible for making such an insertion.
In the X and Y regions, 11 amino acids have been identi®ed as essential residues for PI-PLC activity via binding to Ca 2+ and substrate (Essen et al., 1996) . It was found that all of them are well conserved in PpPLC1, although a conserved serine residue was replaced by an asparagine residue at amino acid position 409 in PpPLC2 (data not shown). In fact, PLC-like proteins with amino acid substitutions of residues important for PLC activity have already been isolated from rat and human, which have no PIP 2 -dependent PLC activity (Kanematsu et al., 1996; Otsuki et al., 1999) . These ®ndings suggest that PpPLC2 has no PIP 2 -hydrolysing activity.
To address this possibility, the in vitro activity of recombinant His-tagged PpPLC1 and His-tagged PpPLC2, whose purity had been visually con®rmed by SDS-PAGE (data not shown), was examined. As shown in Fig. 2A , His-tagged PpPLC1 hydrolysed PIP 2 with a maximum activity of 38 nmol min ±1 mg ±1 of protein at a physiological concentration of Ca 2+ around 10 mM and lower activity at higher Ca 2+ concentrations, consistent with other recombinant plant PLCs (Hirayama et al., 1995; Shi et al., 1995; Kopka et al., 1998; Otterhag et al., 2001; Coursol et al., 2002; Hunt et al., 2003) . By contrast, His-tagged PpPLC2 hydrolysed PIP 2 with very low activity under the same conditions (Fig. 2B) . When phosphatidylinositol (PI) was used as a substrate in the reactions with various concentrations of Ca 2+ , both His-tagged PpPLC1 and His-tagged PpPLC2 showed a very low hydrolysing activity of 1.3 and 9.4 nmol min ±1 mg ±1 of protein, respectively, at 10 mM Ca 2+ ( Fig. 2A, B) . However, at 1 mM Ca
2+
, His-tagged PpPLC2 hydrolysed PI very ef®ciently (22 nmol min ±1 mg ±1 of protein) than His-tagged PpPLC1 (3.5 nmol min ±1 mg ±1 of protein) ( Fig. 2A,  B) . Together with their structural characteristics, it is concluded that PpPLC1 and PpPLC2 are typical and novel types of plant PLC, respectively.
During the review process of this manuscript, a cDNA encoding PI-PLC without PIP 2 -hydrolysing activity was isolated from pea (Venkataraman et al., 2003) . Since the pea PI-PLC contains the typical N-domain and no substitution of the conserved amino acid residues in the catalytic domain, the mechanisms of discrimination against PIP 2 are probably different between PpPLC2 and pea PI-PLC. Fig. 1 . Domain structures of Physcomitrella, Arabidopsis, and rat PIPLCs. The conserved domains are represented by boxes in different shading with their names. Numbers above the boxes indicate amino acid sequence position relative to the ®rst residue. The 5¢-RACE and the subsequent 3¢-RACE reactions with synthetic oligonucleotide primers, 5¢-TTCACGCCCTTCAACACACTGCCC-3¢ and 5¢-ATTCGTCCACTCGG-CCCATCTCCACTG-3¢ were performed using the SMART RACE cDNA ampli®cation Kit (Clontech) to obtain the full-length cDNA encoding PpPLC1. The full-length cDNA encoding PpPLC2 was obtained by the 5¢-RACE reaction with a synthetic oligonucleotide primer 5¢-GAATTCCCTGCCGGTGCTCAGTGACG-3¢ as above and connection of the 5¢-RACE fragment with the EST fragment at the EcoRI site in their overlapping regions. The complete ORFs of PpPLC1 and PpPLC2 were ampli®ed by PCR using Ex Taq (TaKaRa) with synthetic oligonucleotide primers, 5¢-GGAATTCAT-TAAAGAGGAGAAATTAACTATGGGTTCTATTCCGTTCGGTCG-3¢/ 5¢-GCAGATCTCTGGAC CGGAGAAAACGAACG-3¢ and 5¢-GACCAT-GGTGTCTATTGCGCGATTG-3¢/5-GACTCGAGTAATGTACGTGTGA-TGAAGTGG-3¢, respectively, and inserted separately into the expression vector pQE12 (Qiagen) and pET28 (Novagen). His-tagged PpPLC1 or Histagged PpPLC2 was expressed by the treatment of E. coli cells, which carry pQE12-PpPLC1 or pET28-PpPLC2, with 0.5 mM IPTG for 24 h at 15°C and partially puri®ed on an Ni-NTA agarose column (1Q3 cm; Qiagen) with an elution buffer containing 250 mM imidazole. Partially puri®ed proteins were analysed by SDS-PAGE after calculation of the concentration by a Coomassie dye-based protein assay kit (Bio-Rad). PI-PLC activities of partially puri®ed His-tagged PpPLC1 and His-tagged PpPLC2 were assayed for PIP 2 and PI with various concentration of Ca 2+ as indicated. The data are presented as speci®c enzymatic activities by an average of three independent experiments with standard deviations. The assays for the PLC activity were performed as described in Hirayama et al. (1995) and Kopka et al. (1998) , except for using the puri®ed His-tagged PpPLC1 or His-tagged PpPLC2.
